Great strides have been made in the optical interconnect for a mode-division multiplexing (MDM) system. The mode multiplexer/demultiplexer (MUX/DEMUX) is the crucial component for the MDM system. We propose and demonstrate a scheme that is different from the reported multiplexing schemes, mode MUX that tackles dual-path MDM signals simultaneously and avoids mode conflict. The performance is experimentally demonstrated by integrating the proposed MUX and DEMUX into a MDM link, with ∼1 dB of insertion loss and ∼18 dB extinction ratio over the C-band. Single-wavelength, non-return-to-zero on-off keying signals at 10 Gb/s carried on dual-path different modes are successfully processed with open and clear eye diagrams, and <1 dB power penalty are obtained. To satisfy high-speed data transfer demands for cloud computing and data-intensive applications, various high-performance optical interconnect solutions have been widely employed for data centers and long-haul occasions, thanks to wavelengthdivision multiplexing (WDM) technology [1] [2] [3] . Recently, the mode-division multiplexing (MDM) has attracted a lot of attention since multiple spatial modes can be simultaneously applied to further increase the throughput of a single-wavelength link [4] . Moreover, all mode channels share the same wavelength emitted from the same laser diode, lowering the cost and energy consumption greatly. The mode multiplexer (MUX) which can independently excite and combine the complete set of eigenmodes of a multimode bus waveguide/fiber is the critical component for an MDM system [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . On top of the basic mode MUX, some other building blocks such as a power splitter, a filter, and a mode exchange have been proposed to further improve the advanced MDM system [15] [16] [17] [18] . The coupling between a few-mode fiber and a chip also has been widely investigated [19] [20] [21] , enabling the multimode optical interconnect.
To satisfy high-speed data transfer demands for cloud computing and data-intensive applications, various high-performance optical interconnect solutions have been widely employed for data centers and long-haul occasions, thanks to wavelengthdivision multiplexing (WDM) technology [1] [2] [3] . Recently, the mode-division multiplexing (MDM) has attracted a lot of attention since multiple spatial modes can be simultaneously applied to further increase the throughput of a single-wavelength link [4] . Moreover, all mode channels share the same wavelength emitted from the same laser diode, lowering the cost and energy consumption greatly. The mode multiplexer (MUX) which can independently excite and combine the complete set of eigenmodes of a multimode bus waveguide/fiber is the critical component for an MDM system [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . On top of the basic mode MUX, some other building blocks such as a power splitter, a filter, and a mode exchange have been proposed to further improve the advanced MDM system [15] [16] [17] [18] . The coupling between a few-mode fiber and a chip also has been widely investigated [19] [20] [21] , enabling the multimode optical interconnect.
These recent great strides make the optical interconnect using an MDM system more and more useful and attractive. However, there still exist some urgent issues that need to be solved, one of which is processing multi-path MDM signals simultaneously at the network interface, since the mode conflict is unavoidable within the common channel. This is also a problem in a WDM system, and the possible solution is using wavelength conversion to avoid wavelength conflict at the expense of the system cost and complexity. Although various mode converters have been developed, they are only designed to realize mode conversion and multiplexing for the fundamental mode. As a result, for multi-path MDM signals, multiple operations of multiplexing and demultiplexing will be needed to perform demultiplexing from any higher modes to fundamental ones, resulting in the degradation of loss and crosstalk performance. Therefore, a more robust and efficient one-stop conversion/multiplexing scheme that can handle multi-path MDM signals and avoid unnecessary demultiplexing is highly desired.
In this Letter, an on-chip mode MUX scheme is proposed and fabricated to accommodate multiple MDM signals. To realize mode-transparent multiplexing, adiabatic couplers (ACs) consisting of two multimode tapered waveguides are used. Dual-path MDM signals are multiplexed through the ACs, and they are transmitted in a two-waveguide system in the shape of supermode. Detailed theoretical characterizations of the proposed MUX are carried out to attain the optimized parameters. The proposed device is experimentally demonstrated with a low insertion loss of ∼1 dB and a high extinction ratio (ER) of ∼18 dB over the C-band. Single-wavelength, non-return-to-zero on-off keying (NRZ-OOK) signals at 10 Gbaud rate carried on dual-path different modes are successfully processed for verification.
The proposed optical interconnect circuit is schematically presented in Fig. 1 . Two-channel mode multiplexed signals from network nodes A and B are transmitted and coupled into the chip. The proposed MUX combines the dual-path MDM signals into the supermode waveguide. In the meantime, all the modes are converted into the corresponding supermodes. As shown in Fig. 2(a) , the structure of the proposed MUX is actually an AC. The two separate branches of the ACs have different widths and support both fundamental (TE 0 ) and first-order (TE 1 ) modes. They are linearly tapered to the same width, and the gap decreases gradually. In this case, due to the reduced gap, part of the field in one branch is coupled into the other, forming the supermodes with transverse distributions extending spatially. The supermode waveguide composed of two identical multimode waveguides is used to guide and transmit the multiplexed signals from the ACs. Four supermodes defined as S 0 , S 1 , S 2 , and S 3 can be supported in the waveguide, and the subscripts refer to the odevity of the supermodes. The length of the ACs is designed to be sufficiently long with a gradual taper so that the excited modes can be adiabatically converted into the eigenmodes of the supermode waveguide. Based on the operation principle of the mode evolution, one supermode can be excited by only one normal mode injected into each branch. The relationships between the normal modes and the excited supermodes are exhibited in Fig. 2(b) . It can be seen that the TE 0 and TE 1 in the wide branch correspond to the even supermodes S 0 and S 2 , respectively. In contrast, the TE 0 and TE 1 in the narrow branch correspond to the odd supermodes S 1 and S 3 , respectively. To further explore the selective excitation relationship, we calculate the effective indices of four guided modes in different positions along the propagation direction by the finite difference algorithm, as shown in Fig. 2(c) . The mode profiles at both ends of the ACs are also presented as the insets of Fig. 2 
(c).
It can be seen that the TE 0 ∕TE 1 mode injected into the wide branch adiabatically evolves into the S 0 ∕S 2 mode due to the closely matched effective index. In contrast, the S 1 ∕S 3 mode can only be excited by the TE 0 ∕TE 1 mode launching from the narrow branch.
The proposed mode MUX is designed on a silicon-oninsulator (SOI) wafer with top silicon thickness of 220 nm. Ridge waveguides are utilized to form the device. Compared with a strip waveguide, the ridge waveguide is less sensitive to sidewall roughness, and a more compact design and tolerant fabrication can be realized. For the ACs, the two branches are linearly tapered from 1.2 and 1 μm to 1.1 μm, respectively. The gap between the two waveguides decreases from 1 μm to G within the coupling length L. The mode conversion efficiency for the TE 0 and TE 1 modes injected into the wide waveguide as a function of the coupling length is calculated in Fig. 3(a) . Here the conversion efficiency is defined as the power ratio of the output supermode to the normal mode injected from the wide branch. It can be seen that the TE 0 − S 0 and TE 1 − S 2 conversion efficiencies increase monotonously along the coupling length, while the main crosstalk terms of TE 0 − S 1 and TE 1 − S 3 decrease monotonously. On the other hand, the efficiencies tend to be saturated for TE 0 − S 0 and TE 1 − S 2 conversion when choosing an appropriate coupling length L. Due to the stronger coupling strength, the saturated coupling length of TE 1 mode is much shorter than that of TE 0 . The same results can also be attained when the modes are launching from the narrow branch. The impact of ridge height h and gap G on the mode conversion efficiency for TE 0 input from the wide branch are also investigated. From Fig. 3(b) , one can see that the waveguide with a thinner ridge layer possesses higher conversion efficiency for a fixed coupling length. The conversion efficiency can be very high when the coupling length L is larger than 600 μm for the case of h 70 nm. The efficiency increases with the reduction of gap G for the same coupling length L, as shown in Fig. 3(c) . For the case of G 300 nm, a longer coupling length is required to achieve the high conversion efficiency. In consideration of crosstalk and footprint, G 200 nm, h 70 nm, and L 600 μm are chosen comprehensively in our design. Although a more compact design can be obtained if adopting a smaller gap G and ridge height h, it will increase the fabrication difficulty greatly.
Figures 4(a)-4(d)
show the calculated spectral responses of the MDM link consisting of the proposed MUX and corresponding DEMUX. The MUX has the same parameters as the DEMUX, and a straight supermode waveguide with a 50 μm length is used to connect them. The transmission spectra of the link for different input and output combinations are calculated. The transmission spectrum for TE 0 mode in the output port (O1) from each input port (I1 and I2) is calculated and shown in Fig. 4(a) . The insertion loss less than 0.5 dB can be obtained and the crosstalk is lower than −19 dB over the Cband. Same results can also be obtained for other cases, as shown in Figs. 4(b)-4(d) . As a result, the ER is as high as ∼19 dB, guaranteeing a good performance for mode-transparent multiplexing operation.
The structure consisted of a normal mode multiplexed signal source; the proposed MUX and DEMUX were fabricated by the 248 nm deep ultraviolet lithography and inductively coupled plasma etching. The microscope image in Fig. 5(a) shows the fabrication details for the device. An extra micro-ring resonator (MRR)-based normal mode MUX is utilized to obtain single-path MDM signals, as presented in Fig. 5(b) . The widths of a single-mode and multimode waveguide are set as 0.5 and 1.1 μm, respectively, satisfying the phase-matching condition [17] . An integrated TiN heater is deposited on the top of the MRRs to tune the resonant wavelength. The SiO 2 cladding is utilized as a buffer layer between the metal heater and the waveguide.
For a given output port, the spectra for the light injected into the four input ports are measured successively. The spectra are normalized by subtracting the loss induced by the grating couplers. The legend "I2-O1" in Fig. 6(a) refers to the transmission from the input port I2 to the output port O1. The port definitions are shown in Fig. 5(a) . Figure 6(a) shows the transmission spectra at output port O1 from each input port. The insertion loss for the whole test device at output port O1 is ∼4 dB over the C-band, and the crosstalk is ∼ − 22 dB. The insertion loss of output port O2 is ∼1 dB, and the crosstalk is −19 dB, as shown in Fig. 6(b) . The insertion loss of output port O3 is ∼1.5 dB, and the crosstalk is −19.5 dB, as shown in Fig. 6(c) . The insertion loss of output port O4 is ∼4.5 dB, and the crosstalk is −22.5 dB, as shown in Fig. 6(d) . In order to accurately evaluate the performance of the proposed MUX, we fabricate and characterize a reference structure consisting of only MRR-based normal MUX and DEMUX with the same parameters on the same chip. The measured ER of the normal MUX is ∼28 dB over the C-band, which is higher than that of the whole test device. Therefore, the actual ER of the proposed MUX will not be limited by the MRR-based MUX. By deducting the loss caused by the MRR-based MUX, we obtain the <1 dB insertion loss of the proposed MUX.
The modulated signal at 10 Gb/s is used to further evaluate the fabricated device, and the experimental setup is illustrated in Fig. 7(a) . A CW light is modulated by the NRZ-OOK data (2 31 − 1 ps eudo-random binary sequences) via an amplitude modulator. The signal is then injected into the four input ports for the multiplexing operation. The polarization controller is used to achieve a maximum coupling efficiency. The demultiplexed signals are coupled out for quantitative and qualitative characterizations. The eye diagrams at each output port are measured and shown in Fig. 7(b) . Open and clear eye diagrams can be observed for the transmission cases with the same input and output ports number. The different rising and falling time of the eye diagrams can be attributed to the limited full width half-maximum (∼9.5 GHz) of the MRR-based MUX. The bit Fig. 7(c) . The power penalties, which are referenced to a back-to-back (B2B) case by replacing the chip with a tunable attenuator, are <1 dB for all the cases. To be noted, the fabricated device is characterized with one input port injected at a time, due to the limited experimental facility. This is reasonable thanks to the large ER. It can be expected that the power penalty will not be increased, obviously, if all the input ports are utilized simultaneously. In summary, we have proposed and fabricated a mode MUX that can handle multiple MDM data channels, based on a SOI platform. By designing adiabatic couplers composed of two multimode tapered waveguides, dual-path MDM signals can be combined directly without a mode conflict. We experimentally characterize the proposed MUX, showing a low insertion loss of ∼1 dB and a high extinction ratio of ∼18 dB over the C-band, which agrees well with the simulation results. Open and clear eye diagrams can be observed, and the BER results show <1 dB power penalty for the proposed multiplexing and corresponding demultiplexing. We believe that our proposed mode MUX can be used in the field of the integrated optical circuits for chip-scale interconnection, for instance, the large-capacity and high-density communication in the data center, where the channel conflict is not desirable. It can be expected that the proposed MUX can further promote the advanced MDM system greatly. 
